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Background: Concern about side effects is a com-
mon reason for SARS-CoV-2 vaccine hesitancy.

Objective: To determine whether short-term side
effects of SARS-CoV-2 messenger RNA (mRNA) vac-
cination are associated with subsequent neutraliz-
ing antibody (nAB) response.

Design: Prospective cohort study.

Setting: San Francisco Bay Area.

Participants: Adults who had not been vaccinated
against or exposed to SARS-CoV-2, who then
received 2 doses of either BNT162b2 or mRNA-1273.

Measurements: Serum nAB titer at 1 month and 6
months after the second vaccine dose. Daily symp-
tom surveys and objective biometric measurements
at each dose.

Results: 363 participants were included in symptom-
related analyses (65.6% female; mean age, 52.4
years [SD, 11.9]), and 147 were included in biomet-
ric-related analyses (66.0% female; mean age, 58.8
years [SD, 5.3]). Chills, tiredness, feeling unwell,
and headache after the second dose were each
associated with 1.4 to 1.6 fold higher nAB at 1 and
6 months after vaccination. Symptom count and
vaccination-induced change in skin temperature

and heart rate were all positively associated with
nAB across both follow-up time points. Each 1 �C
increase in skin temperature after dose 2 was asso-
ciated with 1.8 fold higher nAB 1 month later and
3.1 fold higher nAB 6 months later.

Limitations: The study was conducted in 2021 in
people receiving the primary vaccine series, mak-
ing generalizability to people with prior SARS-CoV-
2 vaccination or exposure unclear. Whether the
observed associations would also apply for neutraliz-
ing activity against non-ancestral SARS-CoV-2 strains
is also unknown.

Conclusion:Convergent self-report and objective bi-
ometric findings indicate that short-term systemic
side effects of SARS-CoV-2 mRNA vaccination are
associated with greater long-lasting nAB responses.
This may be relevant in addressing negative atti-
tudes toward vaccine side effects, which are a bar-
rier to vaccine uptake.
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Vaccination against SARS-CoV-2 has been repeat-
edly shown to reduce infections, hospitalizations,

and mortality, but protection wanes considerably over
time for all of these outcomes, even after booster vac-
cination (1). Moreover, uptake of booster vaccinations
has been low, with only 17% of the U.S. population
having received the bivalent booster as of May 2023,
despite wide vaccine availability for more than 6
months at that time (2). Among people who received
at least 1 dose of a COVID-19 vaccine, the most com-
monly reported reasons for not having received a
booster were: first, a perception of low added benefit
in protection from illness, given a personal history of
prior vaccination or SARS-CoV-2 infection and, sec-
ond, worry about side effects (3, 4).

Recent evidence has suggested that greater sys-
temic symptoms after SARS-CoV-2 vaccination may
reflect a more potent immune response (5–7). A
deeper understanding of this relationship may help to

address low rates of vaccine uptake. Specifically, pub-
lic health messaging might aid uptake by reframing
short-term postvaccination symptoms as positive indi-
cations that the vaccine is likely to be working rather
than as undesirable side effects (8, 9).

Although there are several reports suggesting that
SARS-CoV-2 vaccine reactogenicity (that is, resulting
symptom burden or physiologic perturbation) predicts
a higher subsequent anti–spike immunoglobulin level
(5–7), only a few studies have specifically measured
neutralizing antibodies (nABs) (10–12). Results from
these studies are inconsistent, and they have only meas-
ured short-term nAB responses. Quantifying functional
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antibody activity (that is, nAB) is important because,
although they are correlated, the effects of SARS-CoV-
2 vaccines on nAB and absolute anti–spike immuno-
globulin G (IgG) are dissociable, and nABs specifically
seem critical in conferring protection from COVID-19
(13, 14). Only approximately 50% of the variability in
nABs is predictable from anti–spike IgG (13), and nABs
have been reported to have a larger effect size (that is,
lower hazard ratio per 10-fold increase) than anti–spike
IgG in predicting subsequent COVID-19 incidence
(14). It has been demonstrated that providing animals
with nABs alone confers protection against disease
even after high-dose SARS-CoV-2 exposure (15), and,
in 1 study in humans, the nAB level was estimated to
mediate more than two thirds of vaccine efficacy (14).
A recent meta-analysis (16) and a large pooled cohort
analysis (17) of vaccination studies have estimated the
correlation between average vaccine-evoked nABs
and vaccine efficacy to be 0.81 and 0.91, respectively.

We used convergent self-reported symptom and
objective biometric measurements to identify predic-
tors of subsequent serum nAB concentration at 1 and
6 months postvaccination in a cohort of adults who
received the initial 2-dose series of BNT126b2 or
mRNA-1273. Self-reported variables included the
presence or absence of 13 individual symptoms and
total systemic symptom count. Biometric variables
included measures of vaccination-induced change in
skin temperature (ST), heart rate (HR), heart rate vari-
ability (HRV), and respiratory rate (RR).

METHODS

Participants
Persons included in analyses were participants in

the Building Optimal Antibodies Study (18), a large,

single-site, observational study designed to identify
psychosocial, behavioral, and biological predictors of
immune responses to COVID-19 vaccination. Parti-
cipants were adults aged 18 years and older who did
not report having any immune-related disease (that is,
autoimmune conditions, viral hepatitis, or HIV) or
active cancer and were not taking medications known
to impact the immune system (for example, immuno-
modulators or steroids). Participants were recruited
via e-mail newsletters to patients and staff at the
University of California, San Francisco, and via social
and traditional media. Ethical approval was provided
by the Institutional Review Board at the University of
California, San Francisco, and all study participants
provided written informed consent. The STROBE
(Strengthening the Reporting of Observational Studies
in Epidemiology) reporting checklist for cohort
studies is provided in Supplement Table 1 (available
at Annals.org).

Serum was collected from study participants
before they received a COVID-19 vaccine and again 1
month and 6 months after they completed their initial
2-dose series of BNT162b2 or mRNA-1273. Parti-
cipants independently arranged to be vaccinated in
the community, and vaccination date and type were
later determined using official records. History of
SARS-CoV-2 infection was examined by measuring
levels of anti–spike IgG antibodies at baseline and
anti–nucleocapsid IgG antibodies at 6 months. Parti-
cipants with a positive result on either test were
excluded from analyses. Recipients of Ad26.COV2.S
were excluded from analyses given that use of this
vaccine is no longer authorized by the U.S. Food and
Drug Administration. Other reasons for exclusion of

Figure 1 . Flow chart of participants and observations.

Participants who presented
for the baseline visit

(n = 534)

Excluded (n = 170)
   No outcome data: 10
   No symptom or biometric data: 19
   Missing other predictor data: 17
   Missing anti-S IgG: 1
   Missing anti-N IgG: 8
   Received Ad26.COV2.S: 57
   Positive for anti-S IgG: 17
   Positive for anti-N IgG: 41

Participants included
in analyses (n = 364)

Included in symptom analyses (n = 363)
   With nAB measured at 1 mo: 363 (100%)
   With nAB measured at 6 mo: 355 (97.8%)

Included in biometric analyses (n = 147)
   With nAB measured at 1 mo: 147 (100%)
   With nAB measured at 6 mo: 144 (98.0%)

anti-N IgG¼ anti–nucleocapsid immunoglobulin G; anti-S IgG¼ anti–spike immunoglobulin G; nAB¼ neutralizing antibody.
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participants from analyses are provided in the flow
chart in Figure 1.

Outcome
The nABs against SARS-CoV-2 were measured via

pseudovirus assay at 1 month and 6 months after vac-
cination as described previously (18). In brief, serum
from each participant was serially diluted and incu-
bated with pseudovirus expressing full-length SARS-
CoV-2 protein (Wuhan/D614G strain), permitting vi-
rion binding and neutralization by host antibodies.
Serum–virus mixtures were then incubated with sus-
ceptible cells, which allowed the remaining functional
pseudovirus to deliver a luciferase reporter gene
intracellularly. After 66 to 72 hours, the medium was
removed, lysis buffer and luciferase substrate were
added, and luciferase activity was measured as lumi-
nescence. The nAB titers were expressed as the inhib-
itory dose 50 (ID50), defined as the serum dilution
corresponding to a reduction of relative light units by
50% compared with serum-free control wells.

Daily Symptom Surveys
Participants were sent links to a survey each eve-

ning for 6 days, beginning on the date they antici-
pated receiving each dose of a SARS-CoV-2 vaccine.
The survey included the question, “Did you experi-
ence any of the following physical symptoms today?
(Check all that apply.).” The following options were

provided: tiredness; headache; muscle pain; chills;
joint pain; fever; nausea/vomiting; feeling unwell; ten-
der or swollen lymph nodes (lymphadenopathy);
injection site pain, redness, or swelling; pain or swel-
ling in the arm that did not get the vaccination; other
allergic reactions (difficulty breathing, swelling of
face/throat, rash); stomachache. For each survey
entry, vaccine dose dates were used to calculate cal-
endar days since receipt of either dose 1 or 2. At each
vaccine dose, for each symptom and participant, data
were collapsed to reflect either symptom presence in
at least 1 survey entry or symptom absence in all avail-
able survey entries. The median number of survey
entries received per participant was 5 (IQR, 4 to 6) for
both dose 1 and 2, with the maximum possible being 6.
As an index of systemic symptom burden, a symp-
tom count variable was created by calculating the
number of distinct symptoms each participant re-
ported, excluding injection site symptoms.

Biometric Collection and Analysis
The HR, HRV, RR, and ST data were collected from

a subset of participants using a biometric wearable
device, the Oura Ring (Oura Health Oy). Except for 1,
all participants who provided biometric data were
older than age 50 years because only these partici-
pants were actively offered devices.

During sleep, HR and HRV were recorded in 5-mi-
nute intervals whereas ST was recorded in 1-minute
intervals. The RR was only available as a nightly aver-
age. To test the hypotheses that short-term effects of
vaccination on nighttime HR, HRV, ST, and RR are pre-
dictive of subsequent nAB response, it was necessary
to first derive a single summary value of vaccination-
induced change in each physiologic domain for each
participant. For this purpose, for each domain, we
used a multistep procedure to identify the summariza-
tion approach with the best statistical evidence of
vaccination-induced change (19, 20); see the Supple-
ment Methods (available at Annals.org) for details.
Ultimately, each nightly time series of observations
was first summarized into single nightly values for
each participant by taking the nightly 99th percentile
(that is, the “stable maximum”) for ST and HRV and by
taking the nightly 1st percentile (that is, the “stable
minimum”) for HR. Then, for each participant, for each
physiologic domain, the values on the first and sec-
ond night after vaccination were each subtracted from
a participant-specific norm. Finally, the greater of the
2 deviations from the participant norm (that is, the vac-
cination-induced change on either the first or second
night after vaccination) was taken as each participant’s
single value of vaccination-induced change. Des-
criptive and test statistics for candidate summary vari-
ables of vaccination-induced change are provided in
Supplement Table 2 (available at Annals.org). Spear-
man correlations between final summary variables

Table. Sample Characteristics of the Study Population

Characteristic Symptom
Analyses
(n¼ 363)

Biometric
Analyses
(n¼ 147)*

Mean age (SD), y 52.4 (11.9) 58.8 (5.3)
Mean body mass index (SD) 26.9 (5.9) 27.4 (6.4)
Female, n (%) 238 (65.6) 97 (66.0)
Vaccine type: BNT162b2, n (%) 235 (64.7) 94 (63.9)
Smoked at baseline, n (%) 6 (1.7) 3 (2.0)
Race and ethnicity, n (%)
Asian 84 (23.1) 26 (17.7)
Black/African American 6 (1.7) 4 (2.7)
Hispanic/Latinx 33 (9.1) 7 (4.8)
Other/multiracial/unknown 27 (7.4) 7 (4.8)
White 213 (58.7) 103 (70.1)

Education level, n (%)
4-y degree 129 (35.5) 51 (34.7)
Professional degree or doctorate 178 (49.0) 76 (51.7)
Some college or less 56 (15.4) 20 (13.6)

Household income, n (%)
Less than $50 000 37 (10.2) 17 (11.6)
$50000 to less than $100 000 69 (19.0) 28 (19.0)
$100000 to less than $200000 108 (29.8) 48 (32.7)
$200 000 or more 94 (25.9) 35 (23.8)
Prefer not to answer 55 (15.2) 19 (12.9)

Marital status, n (%)
Married or with a long-term partner 213 (58.7) 91 (61.9)
Never married 108 (29.8) 36 (24.5)
Divorced or separated 35 (9.6) 16 (10.9)
Widowed 7 (1.9) 4 (2.7)

* Biometric wearable devices were provided to a subset of partici-
pants who had a compatible smartphone and were almost exclusively
(99%) older than age 50 years.
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and symptom count are presented in the Supplement
Figure (available at Annals.org).

Statistical Analysis
All data analysis was performed in R (version

4.2.2). For all analyses, mixed-effects models were fit
to nAB data collected at 1 month and 6 months after
completion of the second vaccine dose. All models
included a core set of terms, including main effects of
vaccine (that is, BNT-162b2 vs. mRNA-1273), time
point, sex, age, baseline smoking status, and body
mass index, and a time point � vaccine interaction.
The statistical significance of these terms has been
previously described (18). Here, for each vaccine
dose, 18 variables were examined as predictors of
subsequent nAB level: the presence or absence of 13
symptoms, the total count of reported symptoms
(excluding injection site symptoms), and the levels of
4 biometric measurements. For each variable, a model
was created by adding to the core model structure the

following terms: a main effect, an interaction with vac-
cine, an interaction with time point, and the 3-way inter-
action between these variables. Thus, 4 hypotheses of
interest were tested in each model, except where inter-
action terms were removed to resolve multicollinearity
(see the Supplement Methods for more detail). Pre-
dictor significance was tested using F statistics. Ulti-
mately, 126 P values (1 to 4 per model) were drawn
from 36 models; these were consolidated and cor-
rected for multiple comparisons using the adaptive
Benjamini–Hochberg method with a false discovery
rate threshold of 0.05 (21, 22). Statistical significance
was defined as corrected P<0.05; significant F statis-
tics were followed by post hoc t tests without further
correction. All presented results represent marginal
effects, that is, effects adjusted for the other terms in
the model. Thus, where results are presented without
respect to outcome time point, these represent aver-
age effects across both time points. For statistically sig-
nificant continuous predictors, the partial correlation
(rp) was provided alongside absolute effect sizes.
Visualizations represent marginal means (that is, least-
squares means)±95% CIs along with partial residuals.
Detailed information can be found in the Supplement
Methods.

Role of the Funding Source
Neither the National Institutes of Health nor Oura

Health Oy had any role in the design or conduct of the
study; the collection, analysis, and interpretation of
the data; the preparation, review, or approval of the
manuscript; or the decision to submit the manuscript
for publication.

RESULTS

Sample Characteristics
A total of 534 people were recruited for the

broader study, of whom 364 met criteria for inclusion
in the present analyses (Figure 1). Of these, symptom
data were collected from 363 participants, and bio-
metric data were collected from 174 participants.
Sample characteristics are provided in the Table.

SymptomPredictors of Neutralizing Antibodies
The frequency of each symptom at each vaccine

dose is provided in Supplement Table 3 (available
at Annals.org). Among participants who reported at
least 1 symptom after dose 1, 91.5% also reported at
least 1 symptom at dose 2. Among participants who
reported no symptoms after dose 1, 74.1% reported
at least 1 symptom at dose 2. Test statistics and multi-
plicity-corrected P values for all symptom and biomet-
ric analyses are provided in Supplement Table 4
(available at Annals.org). An example of a full model is
provided in Supplement Table 5 (available at Annals.
org).

Figure 2 . Association between symptoms after the second vac-
cine dose and subsequent nAB levels.
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Each of 13 symptoms after each vaccine dose was individually tested as
a predictor of nAB levels at 1 month and 6 months later in multivariable
mixed-effects models. The nAB titer was expressed as the ID50. After
correcting for multiple comparisons, 4 symptoms remained statistically
significant predictors of nABs, all only when measured at dose 2: chills,
tiredness, feeling unwell, and headache. Injection site symptoms are
included in the figure for comparison. Density plots are provided, and
vertical bars represent the marginal means±95% CIs. No interaction
terms between a symptom and vaccine or outcome time point were stat-
istically significant; therefore, presented marginal means represent the
average effect across both vaccines and both outcome time points.
ID50¼ inhibitory dose 50; nAB¼ neutralizing antibody.
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After correction for multiple comparisons, no stat-
istically significant associations were identified bet-
ween the presence or absence of any symptom at
dose 1 and subsequent nABs. For dose 2, main effects
were significant for 4 of 13 symptoms (Figure 2).
Specifically, nABs were higher for participants report-
ing versus not reporting the following symptoms at
dose 2: chills (1.62 fold higher ID50 [95% CI, 1.31 to
2.01]), feeling unwell (1.48 fold higher ID50 [CI, 1.22
to 1.79]), tiredness (1.47 fold higher ID50 [CI, 1.17 to
1.83]), and headache (1.43 fold higher ID50 [CI, 1.19
to 1.72]). Because symptom presence did not interact
with outcome time point or vaccine for any symptom,
presented values represent the average association
across both vaccines and both outcome time points.

SymptomCount as a Predictor of Neutralizing
Antibodies

For dose 1, there were no main or interaction
effects involving symptom count. For dose 2, no inter-
actions were significant, but there was a main effect of
symptom count (Figure 3), involving a 1.10 fold higher
ID50 per additional symptom (CI, 1.06 to 1.14; rp¼
0.27 [CI, 0.17 to 0.36]).

Biometric Predictors of Neutralizing Antibodies
For vaccination-induced change in nightly 99th-

percentile ST at dose 1, there were no significant main
or interaction effects. However, at dose 2, there was a
significant interaction between outcome time point and
vaccination-induced change in nightly 99th-percentile

ST (Figure 4, top right). Post hoc testing revealed that
vaccination-induced change in ST at dose 2 was pre-
dictive of nAB at 1-month follow-up (fold change in
ID50 per �C, 1.84 [CI, 1.33 to 2.53], P<0.001; rp¼
0.27 [CI, 0.13 to 0.39]) and at 6-month follow-up (fold
change in ID50 per �C, 3.13 [CI, 2.26 to 4.33],
P<0.001; rp ¼ 0.45 [CI, 0.33 to 0.55]), with the larger
effect size at the 6-month follow-up being responsible
for the interaction.

For vaccination-induced change in nightly 1st-per-
centile HR at dose 1, there were no significant main or
interaction effects. However, at dose 2, a significant
main effect of vaccination-induced change in nightly
1st-percentile HR was observed (Figure 4, bottom
right), in the absence of any interaction with outcome
time point or vaccine. For each 10 beat per minute
increase in HR at dose 2 from a participant’s norm,
ID50 increased by 1.54 fold (CI, 1.18 to 2.02; rp¼ 0.27
[CI, 0.10 to 0.41]) on average across both outcome
time points.

Neither vaccination-induced change in nightly
99th-percentile HRV nor in average nightly RR was sig-
nificantly predictive of subsequent nAB via either
main or interaction effects, for either vaccine dose.

DISCUSSION

We show here that people who reported experi-
encing chills, tiredness, feeling unwell, or headache
after the second dose of a SARS-CoV-2 vaccine subse-
quently had 1.4 to 1.6 times the nAB level of people
who did not report each symptom, at 1 month and

Figure 3 . Association between symptom count following each vaccine dose and subsequent nAB levels.
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Symptom count was intended as a measure of systemic symptom burden, so injection site symptoms were excluded from counting. Symptom count af-
ter the second dose was a statistically significant predictor of subsequent nAB level (P<0.001). For both doses, there was no statistically significant inter-
action between symptom count and vaccine or outcome time point (1 month and 6 months after the second dose); therefore, results represent the
average relationship across both time points and both vaccines (that is, marginal means±95% CIs). Each open circle represents the partial residual for
1 observation. ID50¼ inhibitory dose 50; nAB¼ neutralizing antibody.
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6months later. We also show that each additional symp-
tom experienced after dose 2 predicted a 1.1-fold
increase in subsequent nABs. This means that, on
average, participants reporting 7 total symptoms
subsequently had roughly double the nAB level of
participants reporting 0 symptoms. Using objective
biometric data, we present convergent findings show-
ing that greater vaccination-induced change in ST and
HR, specifically at dose 2, predicts greater nAB at
both 1 month and 6 months later. Effect sizes were
again large; for example, every 1 �C of vaccination-
induced ST change was associated with a tripling of
the nAB level at 6 months later.

Several prior publications have examined the asso-
ciation between systemic symptoms after receipt of a
SARS-CoV-2 messenger RNA (mRNA) vaccine and sub-
sequent nAB level, with inconsistent results. In 1 report,
none of 3 local or 8 systemic symptoms, nor the

presence of any local or any systemic symptom, pre-
dicted nAB 4 weeks later (10). By contrast, in other
work, the presence of at least 1 systemic symptom was
associated with higher nAB at 12 to 19 days after dose
2 (12) and at 54 days after dose 3 (11). There are a few
other reports examining the association between reac-
togenicity to SARS-CoV-2 vaccination and subsequent
nAB, but interpretability is limited due to low samples
sizes (4 to 8 per condition) (23); the analysis only of
nAB trajectories over time (24), which are confounded
by absolute initial levels (13); and the use of a mixed
sample of mRNA and adenoviral vector vaccine recipi-
ents (25).

There are several key strengths of our study com-
pared with prior studies (10–12). First, neither of the
previous 2 studies reporting a significant association
between symptoms and nAB examined individual
symptoms as predictors. Here, we show that chills,

Figure 4 . Association between vaccination-induced change in 2 physiologic domains and subsequent nAB levels.
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A subset of study participants wore biometric devices that collected physiologic measurements during sleep. Graphs depict the relationship between
vaccination-induced change in nightly maximum (99th percentile) skin temperature (top row) and nightly minimum (1st percentile) heart rate (bottom
row) and subsequent nAB level at each outcome time point. Vaccination-induced change in maximum skin temperature at dose 2 predicted nAB level
at both outcome time points, with a stronger association for the 6-month (M6) than the 1-month (M1) outcome (top right). There was a main effect of vac-
cination-induced change in minimum heart rate on subsequent nAB level (bottom right). Each open circle represents the partial residual for 1 observa-
tion. ID50¼ inhibitory dose 50; nAB¼ neutralizing antibody.
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tiredness (or fatigue), feeling unwell, and headache
have the strongest predictive relationship with nABs.
Second, these studies all measured nABs within 2
months of receipt of the second dose of an mRNA
vaccine, whereas our report includes measurements
at 6 months. This long follow-up is important given
that after receiving the initial vaccine series, typically a
minimum of several months pass before people
receive a booster dose. Predictive relationships may
differ for different outcome time points, and, indeed,
in the present study, we observed a relationship
between vaccination-induced change in ST and nAB
that was a stronger predictor of the 6-month than the
1-month outcome. Third, in addition to self-report
measures, which might be affected by between-
participant differences in the tendency to notice,
recall, and report side effects, we use objective bio-
metric measurements of physiologic perturbation that
are not vulnerable to these influences. Using this data,
we present findings that align with our self-report
data. Only 1 prior study has used non–self-report objec-
tive biometric data to predict subsequent humoral
immune response after SARS-CoV-2 vaccination (26).
That study found positive associations between vaccina-
tion-induced change in ST and HR and subsequent anti–
spike immunoglobulin at roughly 1 month after vaccina-
tion in a mixed mRNA and adenoviral vector vaccine
sample. Here, we extend those findings, demonstrating
similar relationships for nABs and at 6 months in an
mRNA vaccine sample. Finally, our study is among the
first to examine associations between symptoms and
nABs in a community sample rather than a convenience
sample of health care workers.

There are several limitations to our study. First,
our results are from people who received only the ini-
tial COVID-19 vaccine series. It is not clear whether
the relationships observed here would apply to peo-
ple undergoing initial vaccination or revaccination
using updated vaccine formulations. Second, our
results are from people who did not have any sero-
logic evidence of SARS-CoV-2 infection. It is unclear
whether people with a previous history of SARS-CoV-
2 infection would exhibit the same predictive ability of
symptoms and vaccination-induced changes in bio-
metrics. However, among people receiving a 2-dose
mRNA vaccination, those with a prior history of SARS-
CoV-2 infection have been reported to have both
greater subsequent anti–spike IgG concentrations
(27) and greater reactogenicity (28), suggesting that a
predictive association between reactogenicity and
nABs is likely in previously infected people as well. A
third limitation is that our pseudovirus assay used the
spike protein from the original Wuhan/D614G strain
of SARS-CoV-2, which may limit generalizability of the
findings. Fourth, our biometric data were collected
almost entirely from people older than age 50 years,
limiting the generalizability of our biometric findings.
Fifth, it should be noted that correction for multiple

comparisons affects only the P value, not the effect
size. Thus, qualitative statements about significance or
nonsignificance are adjusted for multiplicity, whereas
quantitative estimates of effect sizes for statistically
significant results may be biased upward. Finally, we
only address humoral immunity in this study, and
although evidence suggests that nABs mediate
roughly two thirds of SARS-CoV-2 mRNA vaccine effi-
cacy (14), cellular immunity is believed to play an im-
portant role in protection from severe disease (29,
30).

It should be noted that our results do not justify
inferences about any given person’s level of nABs or
protection from SARS-CoV-2 infection. For example,
although participants reporting tiredness had an aver-
age nAB level that was 1.5 times the level of those not
reporting tiredness, not every person with tiredness
had higher nABs than every person without tiredness.
Therefore, tiredness should not be taken to mean
something definitive about a given person’s nAB
level. Relatedly, although nAB level has been shown
to have a strong relative association with risk for
COVID-19, the relationship with absolute risk will be
variable and dependent on base infection rates in any
given population (14, 31).

In sum, we show in a community sample that sys-
temic symptoms and increases in ST and HR after
SARS-CoV-2 mRNA vaccination predicted a higher
subsequent nAB level. We show that these relation-
ships were stronger when predicting long-term rather
than short-term nAB outcome. These data may help
to address the low rate of ongoing vaccine uptake (8,
9), given that this seems to be at least partly the result
of worry about side effects (4).

From Department of Psychiatry and Behavioral Sciences, and
Center for Health and Community, University of California, San
Francisco, San Francisco, California (E.G.D., E.S.E., A.A.P.);
Department of Psychiatry and Behavioral Sciences, and Osher
Center for Integrative Health, University of California, San
Francisco, San Francisco, California (A.E.M.); Osher Center for
Integrative Health, and Department of Medicine, University of
California, San Francisco, San Francisco, California (F.M.H.);
Department of Pediatrics, Tulane University School of Medicine,
New Orleans, Louisiana (J.E.R.); Department of Pediatrics, and
Department of Psychiatry, Tulane University School of Medicine,
New Orleans, Louisiana; and Department of Psychiatry and
Behavioral Sciences, Boston Children’s Hospital, Brookline,
Massachusetts (S.S.D.)

Grant Support: By funding from the National Institutes of
Health (National Institute on Aging grants R24AG048024
and 5U24AG066528 and National Cancer Institute grant
U54CA260581).

Disclosures: Disclosures can be viewed at www.acponline.org/
authors/icmje/ConflictOfInterestForms.do?msNum¼M23-2956.

COVID-19 Vaccine Side Effects and Neutralizing Antibodies ORIGINAL RESEARCH

Annals.org Annals of Internal Medicine 7

Downloaded from https://annals.org by Univ of California San Francisco on 06/11/2024.

http://www.acponline.org/authors/icmje/ConflictOfInterestForms.do?msNum=M23-2956
http://www.acponline.org/authors/icmje/ConflictOfInterestForms.do?msNum=M23-2956
http://www.annals.org


Reproducible Research Statement: Study protocol: Not avail-
able. Statistical code and Data set: Available from the corre-
sponding authors upon reasonable request.

Corresponding Authors: Ethan G. Dutcher, MD, PhD, Depart-
ment of Psychiatry and Behavioral Sciences, University of
California, San Francisco, 675 18th Street, San Francisco, CA
94107 (e-mail, ethan.dutcher@ucsf.edu); Elissa S. Epel, PhD,
Department of Psychiatry and Behavioral Sciences, University of
California, San Francisco, 675 18th Street, San Francisco, CA
94107 (e-mail, elissa.epel@ucsf.edu); and Aric A. Prather, PhD,
Department of Psychiatry and Behavioral Sciences, University of
California, San Francisco, 675 18th Street, San Francisco, CA
94107 (e-mail, aric.prather@ucsf.edu).

Author contributions are available at Annals.org.

Previous Posting: This manuscript was posted as a preprint on
medRxiv on 29 September 2023 (version 1), 6 October 2023
(version 2), and 3 November 2023 (version 3). doi:10.1101/
2023.09.26.23296186

References

1. Wu N, Joyal-Desmarais K, Ribeiro PAB, et al. Long-term effec-
tiveness of COVID-19 vaccines against infections, hospitalisations,
and mortality in adults: findings from a rapid living systematic evi-
dence synthesis and meta-analysis up to December, 2022. Lancet
Respir Med. 2023;11:439-452. [PMID: 36780914] doi:10.1016/
S2213-2600(23)00015-2
2. Centers for Disease Control and Prevention. COVID Data Tracker.
U.S. Department of Health and Human Services, CDC; 2023
[updated 21 September 2023]. Accessed at https://covid.cdc.gov/
covid-data-tracker/#vaccination-states-jurisdictions on 21 Septem-
ber 2023.
3. Sinclair AH, Taylor MK, Weitz JS, et al. Reasons for receiving or
not receiving bivalent COVID-19 booster vaccinations among
adults - United States, November 1-December 10, 2022. MMWR
Morb Mortal Wkly Rep. 2023;72:73-75. [PMID: 36656784] doi:10.
15585/mmwr.mm7203a5
4. Jacobs ET, Cordova-Marks FM, Farland LV, et al. Understanding
low COVID-19 booster uptake among US adults. Vaccine.
2023;41:6221-6226. [PMID: 37666694] doi:10.1016/j.vaccine.2023.
08.080
5. Hermann EA, Lee B, Balte PP, et al. Association of symptoms af-
ter COVID-19 vaccination with anti-SARS-CoV-2 antibody response
in the Framingham Heart Study. JAMA Netw Open. 2022;5:e2237908.
[PMID: 36269359] doi:10.1001/jamanetworkopen.2022.37908
6. Debes AK, Xiao S, Colantuoni E, et al. Association of vaccine
type and prior SARS-CoV-2 infection with symptoms and antibody
measurements following vaccination among health care workers.
JAMA Intern Med. 2021;181:1660-1662. [PMID: 34398173] doi:10.
1001/jamainternmed.2021.4580
7. Tani N, Chong Y, Kurata Y, et al. Relation of fever intensity and
antipyretic use with specific antibody response after two doses of
the BNT162b2mRNA vaccine. Vaccine. 2022;40:2062-2067. [PMID:
35177298] doi:10.1016/j.vaccine.2022.02.025
8. Crum AJ, Heathcote LC, Morrison Z, et al. Changing mindsets
about side effects of the COVID-19 vaccination: a randomized con-
trolled trial. Ann Behav Med. 2023;57:901-909. [PMID: 37279932]
doi:10.1093/abm/kaad020
9. Howe LC, Leibowitz KA, Perry MA, et al. Changing patient mind-
sets about non-life-threatening symptoms during oral immunother-
apy: a randomized clinical trial. J Allergy Clin Immunol Pract.

2019;7:1550-1559. [PMID: 30682576] doi:10.1016/j.jaip.2019.
01.022
10. Choi MJ, Heo JY, Seo YB, et al. Predictive value of reactogenic-
ity for anti-SARS-CoV-2 antibody response in mRNA-1273 recipi-
ents: a multicenter prospective cohort study. Vaccines (Basel).
2023;11:120. doi:10.3390/vaccines11010120. [PMID: 36679965]
11. Yoshida M, Kobashi Y, Kawamura T, et al. Association of sys-
temic adverse reaction patterns with long-term dynamics of hu-
moral and cellular immunity after coronavirus disease 2019 third
vaccination. Sci Rep. 2023;13:9264. [PMID: 37286720] doi:10.
1038/s41598-023-36429-1
12. Moncunill G, Aguilar R, Ribes M, et al. Determinants of early
antibody responses to COVID-19 mRNA vaccines in a cohort of
exposed and naïve healthcare workers. EBioMedicine. 2022;
75:103805. [PMID: 35032961] doi:10.1016/j.ebiom.2021.103805
13. Levin EG, Lustig Y, Cohen C, et al. Waning immune humoral
response to BNT162b2Covid-19 vaccine over 6months. N Engl JMed.
2021;385:e84. [PMID: 34614326] doi:10.1056/NEJMoa2114583
14. Gilbert PB, Montefiori DC, McDermott AB, et al; Immune
Assays Team; Moderna, Inc. Team; Coronavirus Vaccine Prevention
Network (CoVPN)/Coronavirus Efficacy (COVE) Team; United
States Government (USG)/CoVPN Biostatistics Team. Immune cor-
relates analysis of the mRNA-1273 COVID-19 vaccine efficacy clini-
cal trial. Science. 2022;375:43-50. [PMID: 34812653] doi:10.1126/
science.abm3425
15. Rogers TF, Zhao F, Huang D, et al. Isolation of potent SARS-
CoV-2 neutralizing antibodies and protection from disease in a
small animal model. Science. 2020;369:956-963. [PMID: 32540903]
doi:10.1126/science.abc7520
16. Cromer D, Steain M, Reynaldi A, et al. Neutralising antibody
titres as predictors of protection against SARS-CoV-2 variants and
the impact of boosting: a meta-analysis. Lancet Microbe. 2022;3:
e52-e61. [PMID: 34806056] doi:10.1016/S2666-5247(21)00267-6
17. Khoury DS, Cromer D, Reynaldi A, et al.Neutralizing antibody lev-
els are highly predictive of immune protection from symptomatic SARS-
CoV-2 infection. Nat Med. 2021;27:1205-1211. [PMID: 34002089]
doi:10.1038/s41591-021-01377-8
18. Prather AA, Dutcher EG, Robinson J, et al. Predictors of long-
term neutralizing antibody titers following COVID-19 vaccination by
three vaccine types: the BOOST study. Sci Rep. 2023;13:6505.
[PMID: 37160978] doi:10.1038/s41598-023-33320-x
19. Shilaih M, Goodale BM, Falco L, et al.Modern fertility awareness
methods: wrist wearables capture the changes in temperature asso-
ciated with the menstrual cycle. Biosci Rep. 2018;38:BSR20171279.
[PMID: 29175999] doi:10.1042/BSR20171279
20. Zhu TY, Rothenbühler M, Hamvas G, et al. The accuracy of wrist
skin temperature in detecting ovulation compared to basal body
temperature: prospective comparative diagnostic accuracy study. J
Med Internet Res. 2021;23:e20710. [PMID: 34100763] doi:10.
2196/20710
21. Kim KI, van de Wiel MA. Effects of dependence in high-dimen-
sional multiple testing problems. BMC Bioinformatics. 2008;9:114.
[PMID: 18298808] doi:10.1186/1471-2105-9-114
22. Benjamini Y, Krieger AM, Yekutieli D. Adaptive linear step-up
procedures that control the false discovery rate. Biometrika.
2006;93:491-507.
23. Kung Y-A, Huang S-Y, Huang C-G, et al. Factors influencing
neutralizing antibody titers elicited by coronavirus disease 2019
vaccines. Microbes Infect. 2023;25:105044. [PMID: 36096357]
doi:10.1016/j.micinf.2022.105044
24. Dieckhaus KD, KimM-J, Shen J-B, et al. SARS-CoV-2 antibody dy-
namics in healthcare workers after mRNA vaccination. Vaccines (Basel).
2023;11:358. [PMID: 36851235] doi:10.3390/vaccines11020358
25. Cheng A, Hsieh M-J, Chang S-Y, et al. Correlation of adverse
effects and antibody responses following homologous and heterol-
ogous COVID19 prime-boost vaccinations. J Formos Med Assoc.

ORIGINAL RESEARCH COVID-19 Vaccine Side Effects and Neutralizing Antibodies

8 Annals of Internal Medicine Annals.org

Downloaded from https://annals.org by Univ of California San Francisco on 06/11/2024.

mailto:ethan.dutcher@ucsf.edu
mailto:elissa.epel@ucsf.edu
mailto:aric.prather@ucsf.edu
http://www.annals.org
https://doi.org/10.1016/S2213-2600(23)00015-2
https://doi.org/10.1016/S2213-2600(23)00015-2
https://covid.cdc.gov/covid-data-tracker/#vaccination-states-jurisdictions
https://covid.cdc.gov/covid-data-tracker/#vaccination-states-jurisdictions
https://doi.org/10.15585/mmwr.mm7203a5
https://doi.org/10.15585/mmwr.mm7203a5
https://doi.org/10.1016/j.vaccine.2023.08.080
https://doi.org/10.1016/j.vaccine.2023.08.080
https://doi.org/10.1001/jamanetworkopen.2022.37908
https://doi.org/10.1001/jamainternmed.2021.4580
https://doi.org/10.1001/jamainternmed.2021.4580
https://doi.org/10.1016/j.vaccine.2022.02.025
https://doi.org/10.1093/abm/kaad020
https://doi.org/10.1016/j.jaip.2019.01.022
https://doi.org/10.1016/j.jaip.2019.01.022
https://doi.org/10.3390/vaccines11010120
https://doi.org/10.1038/s41598-023-36429-1
https://doi.org/10.1038/s41598-023-36429-1
https://doi.org/10.1016/j.ebiom.2021.103805
https://doi.org/10.1056/NEJMoa2114583
https://doi.org/10.1126/science.abm3425
https://doi.org/10.1126/science.abm3425
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1016/S2666-5247(21)00267-6
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41598-023-33320-x
https://doi.org/10.1042/BSR20171279
https://doi.org/10.2196/20710
https://doi.org/10.2196/20710
https://doi.org/10.1186/1471-2105-9-114
https://doi.org/10.1016/j.micinf.2022.105044
https://doi.org/10.3390/vaccines11020358
http://www.annals.org


2023;122:384-392. [PMID: 36564299] doi:10.1016/j.jfma.2022.
12.002
26. Mason AE, Kasl P, Hartogensis W, et al. Metrics from wearable
devices as candidate predictors of antibody response following vac-
cination against COVID-19: data from the Second TemPredict Study.
Vaccines (Basel). 2022;10:264. [PMID: 35214723] doi:10.3390/
vaccines10020264
27. Zhong D, Xiao S, Debes AK, et al. Durability of antibody levels
after vaccination with mRNA SARS-CoV-2 vaccine in individuals with
or without prior infection. JAMA. 2021;326:2524-2526. [PMID:
34724529] doi:10.1001/jama.2021.19996
28. Menni C, Klaser K, May A, et al. Vaccine side-effects and SARS-
CoV-2 infection after vaccination in users of the COVID Symptom

Study app in the UK: a prospective observational study. Lancet
Infect Dis. 2021;21:939-949. [PMID: 33930320] doi:10.1016/S1473-
3099(21)00224-3
29. Sette A, Sidney J, Crotty S. T Cell Responses to SARS-CoV-2.
Annu Rev Immunol. 2023;41:343-373. [PMID: 36750314] doi:10.1146/
annurev-immunol-101721-061120
30. Bertoletti A, Le Bert N, Tan AT. SARS-CoV-2-specific T cells in
the changing landscape of the COVID-19 pandemic. Immunity.
2022;55:1764-1778. [PMID: 36049482] doi:10.1016/j.immuni.2022.
08.008
31. Marabotti C. Efficacy and effectiveness of covid-19 vaccine - abso-
lute vs. relative risk reduction. Expert Rev Vaccines. 2022;21:873-875.
[PMID: 35426755] doi:10.1080/14760584.2022.2067531

COVID-19 Vaccine Side Effects and Neutralizing Antibodies ORIGINAL RESEARCH

Annals.org Annals of Internal Medicine 9

Downloaded from https://annals.org by Univ of California San Francisco on 06/11/2024.

https://doi.org/10.1016/j.jfma.2022.12.002
https://doi.org/10.1016/j.jfma.2022.12.002
https://doi.org/10.3390/vaccines10020264
https://doi.org/10.3390/vaccines10020264
https://doi.org/10.1001/jama.2021.19996
https://doi.org/10.1016/S1473-3099(21)00224-3
https://doi.org/10.1016/S1473-3099(21)00224-3
https://doi.org/10.1146/annurev-immunol-101721-061120
https://doi.org/10.1146/annurev-immunol-101721-061120
https://doi.org/10.1016/j.immuni.2022.08.008
https://doi.org/10.1016/j.immuni.2022.08.008
https://doi.org/10.1080/14760584.2022.2067531
http://www.annals.org


Author Contributions: Conception and design: E.G. Dutcher,
E.S. Epel, A.E. Mason, F.M. Hecht, J.E. Robinson, S.S. Drury,
A.A. Prather.
Analysis and interpretation of the data: E.G. Dutcher, E.S. Epel,
J.E. Robinson, S.S. Drury.
Drafting of the article: E.G. Dutcher, E.S. Epel, A.E. Mason,
F.M. Hecht.
Critical revision of the article for important intellectual content:
E.S. Epel, F.M. Hecht, J.E. Robinson, S.S. Drury, A.A. Prather.
Final approval of the article: E.G. Dutcher, E.S. Epel,
A.E. Mason, F.M. Hecht, J.E. Robinson,
Provision of study materials or patients: J.E. Robinson.
Statistical expertise: E.G. Dutcher.
Obtaining of funding: E.S. Epel, J.E. Robinson, S.S. Drury.
Administrative, technical, or logistic support: A.E. Mason,
J.E. Robinson, S.S. Drury.
Collection and assembly of data: E.G. Dutcher, E.S. Epel,
A.E. Mason, J.E. Robinson, A.A. Prather.

Annals of Internal Medicine Annals.org

Downloaded from https://annals.org by Univ of California San Francisco on 06/11/2024.

http://www.annals.org

